Over-accumulation of lysine-rich binding protein (BiP) in the rice endosperm caused strong endoplasmic reticulum (ER) stress and reduced seed storage proteins, resulting in a relative increase in nutritionally balanced non-seed storage proteins. We show that transgenic rice with over-accumulated BiP was a high-lysine rice germplasm and that the over-accumulation of BiP in the endosperm offered a unique strategy to improve the lysine content of cereal grains.
Improving the limiting essential amino acid content of cereal grains is an important target of plant molecular breeding as well as conventional breeding, because humans and monogastric animals are not able to synthesize amino acids. There are at least two main strategies to improve a deficient essential amino acid content. 1) One is to increase the accumulation level of target amino acid-rich protein(s), and the other is to enhance the desired essential amino acids in the free form by manipulating the target amino acid metabolism (biogenetic pathway).
2) Lysine and tryptophan are the first and second most limiting essential amino acids in cereal grains, whereas legume seeds are deficient in the sulfur-containing amino acids, methionine and cysteine.
Seed storage proteins (SSPs) account for 60-80% of seed proteins and determine the nutritional quality of cereal grains.
3) A change in the SSP composition therefore greatly affects the amino acid composition. Maize opaque2 (o2) is a classical mutant with an opaque and floury kernel. O2 encodes a basic leucine zipper transcription factor, regulating several endosperm genes, including 22-kD -zein and the lysine-ketoglutarate reductase/saccharopine dehydrogenase gene, LKR/ SDH. 4, 5) A reduction of 22-kD -zein in o2 is compensated by lysine-rich non-zein proteins, resulting in higher lysine and tryptophan contents. 6) Reducingzeins by RNAi mimics both the opaque kernel and high lysine content of o2, confirming that a reduction of -zein is a direct trigger for the higher lysine content. 7) The opaque and floury phenotype of o2 can be restored by several opaque2 modifier loci which has been practically used as the nutritionally superior germplasm, called quality protein maize. 8) Reducing 13-kD prolamins has also increased the lysine content in transgenic rice grains. 9) The key regulatory enzymes of lysine metabolism in cereal grains are dihydrodipicolinate synthase (DHDPS) for lysine biosynthesis and LKR/SDH for lysine degradation.
1) Over-expression of lysine-insensitive DHDPS under the control of the embryo-specific promoter has increased the free lysine content of the transgenic maize kernel, the resulting LY038 germplasm being approved for commercial use in a number of countries.
10) Endosperm-specific suppression of LKR/ SDH expression has also increased the free lysine content, and simultaneous expression in combination with the negative feed-back insensitive form of DHDPS has resulted in marked enhancement of the free lysine content of the maize kernel.
11)
Binding protein (BiP), a molecular chaperon protein, interacts with unfolded secretory proteins in the ER lumen and assists their folding. We have recently generated a transgenic rice line (BiP ox), in which binding protein (BiP) was specifically over-accumulated in an endosperm-specific manner.
12) The accumulation level of binding protein (BiP) in mature seeds was compared by SDS-PAGE between the wild type and BiP ox line. Glutelins accounted for 70-80% of the seed proteins in the wild type, and BiP was one of the minor proteins (Fig. 1A) . Glutelin precursors and BiP predominantly accumulated in BiP ox, and most SSPs were down-regulated as a consequence of the strong ER stress caused by a high accumulation of BiP (Fig. 1A) .
12) NonSSPs have looked to be relatively enhanced due to the suppression of SSPs resulting from ER stress as has been observed in maize mutant kernels such as De-B30 and floury2 ( fl2). 13) These results suggest that strong ER stress in the cereal endosperm inhibited SSP accumulation and that other non-SSPs increased as a compensatory effect. It should be noted that the lysine content/ protein ratio in BiP is 9.4%, this being much higher than that in most SSPs (glutelins, 2.4-3.5%; 13-kD prolamins, 0.6-0.7%; -globulin, 0.5%). We have recently shown that reducing 13-kD prolamins resulted in enhancement of the total lysine content in rice grains. 9) This was accounted for by the fact that such lysine-rich proteins as glutelins and BiP increased to compensate for the reduced lysine-poor prolamins. An overy To whom correspondence should be addressed. Tel: +81-29-838-8373; Fax: +81-29-838-8397; E-mail: takaiwa@nias.affrc.go.jp Abbreviations: BiP, binding protein; DHDPS, dihydrodipicolinate synthase; ER, endoplasmic reticulum; fl2, floury2; LKR/SDH, lysine ketoglutarate reductase/saccharopine dehydrogenase; o2, opaque2; PB-I, protein body-I; SSP, seed storage protein accumulation of lysine-rich BiP was therefore expected to contribute to an enhanced lysine content in rice grains.
We next measured the total amino acid contents of wild type and BiP ox grains after HCl hydrolysis by using Jeol JLC-500/V instrument (http://www/jeol.co.jp/). Triplicate extraction and measurements were carried out by Instrumental Analysis Division (Equipment Management Center, Creative Research Institution, Hokkaido University). The concentration of all amino acids was higher in BiP ox than in the wild type (Table 1) . This was related to the grain weight of BiP ox being decreased to 48% of that of the wild type due to the lower starch content (43% of the wild type).
12) The total lysine concentration in BiP ox grains (56.7 mmol/g DW) was 2.9-fold higher than that in the wild type (19.6 mmol/g DW) ( Table 1 ). This value was considerably higher than that of any other amino acid (1.4-2.2-fold the wild type value), suggesting that the high lysine content resulted from the high accumulation of BiP. Since the ratio of the amount of BiP in BiP ox grains to that in wild type grains was estimated to be similar by the intensity on CBB-stained gel and by the intensity on X-ray film of immunoblots (Fig. 1A) , BiP is thought to have largely accounted for the band with 75 kD molecular mass. When estimated from the intensity on CBB-stained gel, the respective amounts of BiP were 148 and 1324 mg/100 mg of rice seed flour in wild type and BiP ox grains (Fig. 1B) . The molecular weight of BiP can be estimated to be 73,000 from the amino acid sequence, and BiP contains 62 lysine residues in its molecule. The respective BiP-derived lysine concentrations were 1.2 and 11.2 mmol/g DW in the wild type and BiP ox grains. The increased BiP accumulation therefore accounted for a 10 mmol/g DW increase in lysine concentration, corresponding to 27% of the total lysine increase, indicating that the amount of BiP itself was one of the major determinants of the lysine content in rice grains. In respect of the other amino acids, differences in the amino acid content/protein ratio between SSPs and BiP also affected those concentrations. The degree of increase of the amino acids whose content/protein ratio was lower in BiP than in SSPs tended to be lower, and vice versa. For example, tyrosine, whose content per protein was 2.2-3.8% (glutelins), 3.8-5.1% (13-kD prolamins), 4.8% (globulin-1, Glb-1) and 2.4% (BiP), was only 0.4-fold higher in BiP ox than in the wild type. In contrast, glycine, whose content per protein was 6.7-7.4% (glutelins), 2.6-4.7% (13-kD prolamins), 8 .1% (Glb-1) and 8.6% (BiP), was 1.2-fold higer in BiP ox than in the wild type. As already described, the non-SSP proteins were also higher in BiP ox grains, because the SSPs were significantly lower due to the strong ER stress induced by the over-accumulation of BiP.
12) The compensatory substitution of lysine-poor prolamins and -globulin by other lysine-rich proteins may also have contributed to the increased lysine content. A causal relationship among strong ER stress, increased BiP and decreased SSP has been well documented in such maize mutants as De-B30 and fl2. 13) Prolamins deposited in protein body-I (PB-I) are known to be resistant to gastrointestinal digestive enzymes and cannot be efficiently absorbed as nutrients, because they have been detected as a PB-I formulation in feces. 14) It is therefore important to increase the lysine content in its available form (free lysine or digestible protein-bound lysine). We examined the digestibility of the seed proteins in BiP ox grains by in vitro pepsin and pancreatin digestion. BiP and glutelins, as well as a substantial portion of SSPs excepting 13-kD prolamins and 60-kD unidentified proteins, were completely digested by pepsin within 30 min ( Fig. 2A) . In the case of pancreatin digestion, the BiP and glutelin precursors were completely digested within 60 min, although a large amount of SSPs including glutelin acidic subunits and 13-kD prolamins remained in the intact form even after 120 min of treatment (Fig. 2B) . These results suggest that a relatively large proportion of proteins, including BiP and glutelin precursors that were accumulated to a high level in BiP ox grains, would be easily digestible in the gastrointestinal system. The high level of lysine-rich proteins in BiP ox grains were probably deposited in an available form that could be used as nutrients.
We have shown in this study that over-expressing BiP in the endosperm can be a unique and alternative strategy to generate high-lysine cereal. However, because of their undesirable grain characteristics such as opaqueness and a floury phenotype, BiP ox grains are not suitable for human food in this form. BiP ox grains may be used for human food, however, by increasing the starch content to the normal level. It should be noted that the lysine concentration would be 1.5-fold higher in BiP ox grains with a normal starch content than that in wild type grains. BiP ox can still be used for animal feed, because the lysine content of BiP ox grains was much higher than that of wild type grains on the same calorie basis. Introducing the BiP ox trait into relatively high-yielding cultivars by crossing or by transformation is attractive. Alternatively, BiP ox grains can be used for supplemental feed. It will be important in the next step to cautiously evaluate the usefulness of BiP ox transgenic rice as high-lysine germplasm, because these lines were only cultivated in a greenhouse. Practical use of these lines requires re-evaluation of the traits by field trials and a thorough safety evaluation by following established guidelines. 
